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Abstract—In the present paper, a first attempt is presented to 
add cross-shore sediment transport processes within the module 
GAIA of TELEMAC-MASCARET. Consideration of Stokes 
drift, return flow and wave non-linearity mechanisms was 
implemented. A comparison was performed with a laboratory 
experiment, showing promising results. 
I. INTRODUCTION 
Cross-shore transport processes are quite complex 
phenomena because they depend on the balance between wave 
effects and mean currents that can cause either onshore or 
offshore transport. Thus, cross-shore sediment transport gradients 
can be significant and cause morphological changes that can be 
intense spatially and temporally, particularly in storm events [9]. 
For example, convergence in cross-shore sediment transport rates 
result in the formation of bars, observed in the vicinity of the 
breaking zone. As shown by [5], nearshore bars move offshore 
within storm periods, whereas in cases of mild waves they 
propagate onshore. In particular when the ratio of the significant 
wave height to water depth above crest is higher than 0.6 the bars 
move offshore and when it is smaller than 0.3 they move onshore. 
Accurate computation of cross-shore sediment transport in the 
nearshore is a rather challenging procedure. Several mechanisms 
with different effect and intensity are in motion balancing onshore 
and offshore transport processes. Onshore transport mechanisms 
include Stokes drift, streaming and wave non-linearity (skewness 
and asymmetry). Offshore processes include return flow, gravity, 
and long waves.  
Stokes drift is causing net mass transport towards the coast. 
Due to continuity, a return flow or undertow, is formed. Streaming 
is a steady current induced by surface waves close to the boundary 
layer and contributes to onshore sediment transport [17] (see 
Figure 1). 
 
Figure 1 – Time averaged velocity profile [17] showing from top to bottom: 
Stokes drift (us), return flow (um) and streaming (ub). From [17] 
Wave non-linearity (skewness and asymmetry) contributes to 
the onshore transport by higher waves but with shorter crests than 
troughs (skewness) and a steeper wave front than the tail of the 
crest (asymmetry). Skewness is often considered as the dominant 
mechanism for onshore transport. However, this argument is still 
under debate and depends on sediment characteristics [8], [4]. 
Wave roller quantifies the energy dissipation due to wave 
breaking that occurs within an amount of time. Due to this 
temporal delay, the location of wave breaking and sediment 
concentration moves closer to the coast and this results in offshore 
transport due to the return flow from these rollers. Finally, 3D 
effects are important to explain cross-shore transport phenomena, 
as longshore transport is combined with cross-shore transport. For 
instance, 3D effects such as shear waves, edge waves and rip 
currents are important to reproduce coastal bars formation [1], 
[21]. 
Long waves result in offshore transport. Their contribution is 
smaller than wave non-linearity in sediment transport [6]. Long 
waves or surf beat result in dune erosion. In those cases, long 
waves and return flow have a stronger effect than wave non-
linearity [15]. 
Gravity stabilizes sediment and smooths out morphological 
features especially in bars. It tends, on average, to transport 
sediment offshore due to foreshore slope. 
In addition, vertical pressure gradients result in infiltration 
and exfiltration in the seabed and contribute to both onshore and 
offshore transport [7]. During exfiltration, those pressure 
gradients result in destabilized sediment and increasing near-bed 
concentrations. At the same time, the boundary layer thickness 
increases as turbulent eddies are released, which results in lower 
near bed velocities. Those mechanisms are reversed in case of 
infiltration. 
Turbulence, fall velocity, bed forms, wind stress, wave roller 
and 3D effects are mechanisms that could result in either onshore 
or offshore transport. 
Turbulence is the basic reason for the different transport 
behavior in shoaling zone and in surf zone. In the shoaling zone, 
there are high sediment concentrations in the near bed region, 
which are transported onshore. In the surf zone, turbulence occurs 
due to wave breaking, which results in sediment concentrations in 
the full water column and thus return flow becomes dominant 
resulting in offshore transport [6]. Based on the magnitude of the 
fall velocity, the suspended sediment particles can be caught in 
the crest or the trough of the wave, which determines whether 
they will be moving onshore or offshore [23].  
Bed forms can affect the flow through secondary mechanisms 
such as changes in bed roughness [1], and depend on the intensity 
of local flow conditions. That is the reason why spatial variability 
of bed forms is evident on cross-shore profiles. Wind stress can 
impose a more intense flow by means of a shear stress on water 
surface, especially during storm events. This is compensated by a 
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bottom flow towards the opposite direction in the nearshore. 
When wind stress is combined with a Coriolis force, this 
generates upwelling and onshore transport or downwelling and 
offshore transport [14]. Those mechanisms will not be 
investigated in the present paper. 
TABLE 1– RELATIVE IMPORTANCE OF PROCESSES FOR ONSHORE 
TRANSPORT, OFFSHORE TRANSPORT AND BAR BEHAVIOR [18]. THE “+” SIGN 
INDICATES HIGH IMPORTANCE OF THE MECHANISM, THE “-” LOW , AND THE 
“=” BALANCED EFFECT. MORE INTENSE CONTRIBUTIONS ARE INDICATED BY 
DOUBLE PLUS OR MINUS SIGNS. 





Stokes drift -  - 
Return flow  ++ ++ 
Streaming -  - 
Wave asymetry +  + 
Wave skewness ++  ++ 
In- and Exfiltration -- -- -- 
Gravity  = + 
Turbulence = = + 
Wind stress - - - 
Fall velocity -- - -- 
Bed forms - - = 
Long waves - ++ ++ 
Wave roller   + 
3D effects   - → ++ 
 
The relative importance of each process determines whether 
the sediment is transported onshore or offshore and depends on 
hydrodynamic conditions which are milder in summer and more 
intense in winter. The relative importance is shown in Table 1 for 
onshore transport, offshore transport and bar behavior [18]. The 
“+” sign indicates high importance of the mechanism, the “-” 
low , and the “=” balanced effect. More intense contributions 
are indicated by double plus or minus signs. 
Several of the processes that are important for offshore and 
onshore transport have not yet been included in the TELEMAC-
MASCARET suite. The present work is focused on the 
implementation of the Stokes drift, return flow, and wave non-
linearity (both due to wave asymmetry and wave skewness), 
inspired by the available physical parametrizations in XBeach. 
The implementation of surface rollers was discussed in a separate 
paper [24], whereas the effect of long waves is also significant but 
it has not been implemented in the present work. The 
developments presented here were implemented in the framework 
of developing a morphological model of the Belgian Coast: the 
Scaldis-Coast model [11]. It shows the first step in implementing 
cross-shore processes in TELEMAC-MASCARET. The new 
implementations are tested for a laboratory test case coupling 
TELEMAC-2D, TOMAWAC and GAIA presented here, and  
the patterns in the bed morphology are discussed.  
II. MATHEMATICAL MODEL AND CODE 
IMPLEMENTATION 
A.  General features 
The GAIA modification for considering the cross-shore 
sediment transport processes include modification of the depth 
averaged flow velocities that will be used for computation of 
suspended sediment transport using the advection-diffusion 
equation: 𝜕ℎ𝐶𝜕𝑡 + 𝜕ℎ𝑈𝐸𝐶𝜕𝑥 + 𝜕ℎ𝑉𝐸𝐶𝜕𝑦 = 𝜕𝜕𝑥 (ℎ𝜀𝑠 𝜕𝐶𝜕𝑥) + 𝜕𝜕𝑦 (ℎ𝜀𝑠 𝜕𝐶𝜕𝑦) + 𝐸 − 𝐷 
() 
where C is the depth-averaged concentration, t is time, x and y 
are the two horizontal dimensions of the numerical domain, 
UE,VE are the Eulerian velocities , h is the water depth, 𝜀𝑠 is 
the eddy viscosity, and E and D are the non-cohesive erosion 
and deposition, respectively. 
The additional velocity components accounting for cross-
shore transport are based on formulations implemented in 
XBeach [12] and they are explained in detail in the following 
sections. This is achieved within the newly added subroutine 
GAIA_CROSS_SHORE. 
In our approach, the generalized Lagrangian mean 
velocities UL,VL are given as: 
 𝑈𝐿 = 𝑈𝐸 + 𝑈𝑠  , 𝑉𝐿 = 𝑉𝐸 + 𝑉𝑠 () 
where Us,Vs are the velocities due to Stokes drift. The sediment 
transport needs to be calculated using the Eulerian velocity in 
the advection-diffusion equation. However, the velocities 
calculated by TELEMAC-2D are the Lagrangian velocities 
UL,VL. Therefore, one can take the effect of Stokes drift and 
the return current generated by the Stokes drift into account 
using: 
 𝑈𝐸 = 𝑈𝐿 − 𝑈𝑠  , 𝑉𝐸 = 𝑉𝐿 − 𝑉𝑠 () 
In case we have waves moving towards the coast in a 
stationary situation, we have UL=0 (no net flow of water 
towards the coast, and therefore UE=-Us, showing that the 
return current (UE) is opposite to the Stokes drift [10]. 
The depth averaged flow velocities used for accounting for 
cross-shore sediment transport have the form of: 
 𝑈𝑡𝑜𝑡 = 𝑈𝐿 + sin 𝜃 (𝑈𝑁𝐿 − 𝑈𝑆𝑇) () 
 𝑉𝑡𝑜𝑡 = 𝑉𝐿 + cos 𝜃 (𝑈𝑁𝐿 − 𝑈𝑆𝑇)  
The terms in these equations due to Stokes drift (UST, and 
wave non-linearity UNL) are explained in the next sections and 
θ is the wave direction (TOMAWAC convention, i.e. 0 degrees 
for waves going to the North). 
B. Stokes drift and Return flow 
The Stokes drift occurs in the nearshore in the upper part 
of the water column (see Figure 1), because the motion of 
water particles do exhibits a perfectly circular track. As the  
horizontal orbital velocity increases with the distance from 
seabed [16], it leads to lower seaward velocities under the 
wave trough than the shoreward velocities under the wave 
crest.  
This velocity difference has a magnitude of the order of 0.1 
m/s in shallow water. The Stokes drift is taken into account by 
adding an extra velocity with magnitude UST and components 
Us,Vs, based on the expression [12]: 
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 𝑈𝑆𝑇 = 𝐸𝑤 𝜌ℎ𝑐⁄  () 
 𝑈𝑠 = 𝑈𝑆𝑇 sin 𝜃      ,     𝑉𝑠 = 𝑈𝑆𝑇 cos 𝜃  
where Us and Vs are the velocity components due to the Stokes 
drift [19], Ew is the wave-group varying short wave energy 
computed by: 
 𝐸𝑤 = 𝜌𝑔𝐻𝑠2 16⁄  () 
In the above expression ρ is the water density, c is the phase 
velocity, g is the gravitational acceleration and Hs is the 
significant wave height. 
C. Wave non-linearity 
The wave non-linearity consists of wave skewness and 
wave asymmetry.  
The wave skewness (Sk) indicates that wave crests are 
higher and shorter in duration than the troughs. The shoreward 
velocity under the crest is higher than the seaward velocity 
under the wave trough (skewness). Even though the mean 
orbital velocity is zero, the resulting mean bed shear stress is 
directed onshore.  
Wave asymmetry (As) refers to the higher acceleration of 
the wave front compared to the wave tail. Phase lag effects 
(asymmetry) between maximum velocity and flow reversal 
has effect on sediment stirring [8]. Finally, horizontal pressure 
gradients can result in plug flow, or loosening up of sediment 
blocks from the bed. This phenomenon is more intense for 
asymmetric waves [10] resulting in onshore transport. 
The contribution of wave non-linearity is calculated by 
means of an extra velocity with magnitude UNL and 
components Ua,Va:  
 𝑈𝑁𝐿 = (𝑓𝑆𝑘𝑆𝑘 − 𝑓𝐴𝑠𝐴𝑠)𝑢𝑟𝑚𝑠 () 
 𝑈𝑎 = 𝑈𝑁𝐿 sin 𝜃      ,     𝑉𝑎 = 𝑈𝑁𝐿 cos 𝜃  
where fSk and fAs are calibration factors with values from 0 to 
1.0 and a recommended value of 0.1, urms is the root-mean 
square velocity computed as: 
 𝑢𝑟𝑚𝑠 = 𝑈𝑤√2 () 
and Uw is the orbital velocity, calculated in TOMAWAC. Then, 
the skewness and asymmetry can be computed using the 
Boltzmann sigmoid through the expressions [12]: 
 𝑆𝑘 = 𝐵 cos 𝜓      ,     𝐴𝑠 = 𝐵 sin 𝜓  
 𝜓 = −90 + 90 tanh(𝑝5 𝑈𝑟𝑝6⁄ ) () 
 𝐵 = 𝑝1 + (𝑝2 − 𝑝1) (1 + 𝑒𝑥𝑝 𝑝3−𝑙𝑜𝑔𝑈𝑟𝑝4 )⁄   
where Ur is the Ursell number computed by: 
 𝑈𝑟 = 3 4⁄ ∙ [0.5𝐻𝑠𝑘 (𝑘ℎ)3⁄ ] () 
and k is the wave number. p1:6 are parametrization factors 
based on field observations [3]. In the present work we 
considered the mean values as: 
 𝑝1 = 0.000  , 𝑝2 = 0.875  ,   𝑝3 = 0.471 () 
 𝑝4 = 0.297  ,   𝑝5 = 0.815  ,   𝑝6 = 0.672  
Variables including local orbital velocity, significant wave 
height, water depth and wave direction are communicated 
directly from TOMAWAC, whereas the wave celerity is 
calculated form the wave period and the wave number, which 
is computed using the subroutine WNSCOU using the local 
water depth and the wave period from TOMAWAC. 
D. Bed slope effect 
The bed slope can influence sediment transport, favouring 
sediment transport down the slope. This can result in different 
transport rate in terms of magnitude and/or direction. Inspired 
by the implementation in XBeach [12], the effect of the  bed 
slope is parametrized by changing the sediment transport 
velocity shown in equation (4), using the following expression 
(with 𝛽 as calibration coefficient) : 
 𝑈𝑡𝑜𝑡 = 𝑈𝑡𝑜𝑡 (1 − 𝛽 𝜕𝜂𝜕𝑥) () 
 𝑉𝑡𝑜𝑡 = 𝑉𝑡𝑜𝑡 (1 − 𝛽 𝜕𝜂𝜕𝑦)  
E. An updated advection scheme 
The application of the above modifications leads to a 
sediment transport velocity field, that is not divergence free. 
The residual distribution schemes in TELEMAC were 
designed for the computation of advection for flow fields 
calculated in TELEMAC, that exactly conserve the water 
mass. Adding extra velocity components to schematize the 
cross-shore components, the velocity field used to advect the 
sediment is not mass conservative anymore. The added effects 
are merely parametrization that did not consider any mass 
balance in their derivation. 
In order to have mass conservation for cross-shore 
transport, an updated advection scheme was implemented, 
based on the NERD scheme (SCHEME FOR ADVECTION 
OF TRACERS = 13 or 14) and for the ERIA scheme 
(SCHEME FOR ADVECTION OF TRACERS = 15). This 
scheme was specifically developed in order to perform well 
for flow fields that are not mass-conservative. 
In deriving this scheme, we start from the continuity 
equation in the conservative form: 𝜕ℎ𝐶𝜕𝑡 + 𝜕ℎ𝐶𝑈𝜕𝑥 + 𝜕ℎ𝐶𝑉𝜕𝑦 = 0  
It can clearly be seen, that the product hC is the quantity 
that needs to be conserved. Therefore, we perform advection 
on the sediment volume =hC. Using this substitution, and 
applying the product rule on the spatial derivatives we get the 
non-conservative form of the advection equation, (because all 
TELEMAC residual distribution schemes are based on the 
non-conservative form): 𝜕𝜉𝜕𝑡 + 𝑈 𝜕 𝜉 𝜕𝑥 + 𝑉 𝜕 𝜉 𝜕𝑦 = −𝜉 (𝜕𝑈𝜕𝑋 + 𝜕𝑉𝜕𝑌) 
This shows the following consequences for the updated 
advection scheme: 
• The sediment volume in the time derivative is 
discretised by: 
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𝑐𝑛+1𝐻𝑛+1 − 𝑐𝑛𝐻𝑛Δ𝑡    
Hence, in order to get the sediment volume the 
concentration is multiplied by the water depth at 
time step n. To return to the depth-averaged 
concentration, the depth-integrated concentration 
needs to be divided by the water depth at time step 
n+1 after the calculation of the advection. 
• The sediment volume needs to be advected by the 
depth-averaged velocity field (in TELEMAC 
given by ‘VGRADP’, rather than by the depth 
integrated fluxes that are originally used in the 
NERD and ERIA schemes (variable; ‘ 
HUGRADP’)) 
• An extra source term is needed to take into account 
the fact that the velocity field is not divergence-
free (this is the term on the right hand-side of the 
equation). This source term is added to the 
advection scheme. It is discretised implicitly in 
case  the right hand side of the equation is 
negative (i.e. when it is a sink term) and explicitly 
when it is positive (i.e. when it is a source). 
II. VALIDATION OF THE ADVECTION SCHEMES 
A. Constant velocity in increasing water depth 
The first validation case concerns a channel flow case of 
2500 m length, with constant flow of 0.5 m/s in a channel with 
a uniformly increasing water depth. The spatial grid size is 
equal to 50 m and the time step equal to 10 s. The ERIA 
scheme has been used for this simulation. In this case the water 
depth is linearly increasing as it can be seen in Figure 2. The 
resulting solution of sediment concentration (solid line) is 
compared to the analytical solution (dashed line) derived using 
the method of characteristics. The results compare reasonably 
well, but the used advection scheme shows a substantial 
amount of numerical diffusion. A check of the mass balance 
showed that the mass of the advected tracer was conserved in 
this test case (not shown). 
 
Figure 2 – Upper figure: temporal variation of suspended sediment 
concentration calculated using the updated ERIA scheme (solid lines) and 
comparison with the analytical solution (dashed lines). Lower figure: 
increase of the water depth along the channel. 
B. Accelerating flow 
The second validation case concerns a flow on the same 
channel where this time the water depth is remaining constant 
and the velocity increases from 0 m/s to 0.4 m/s. The ERIA 
scheme is used in this case as well. In Figure 3 the temporal 
variation of suspended sediment concentration along the 
length of the trench has been shown for the original ERIA 
scheme and for the modified ERIA scheme. In this case, the 
derivation of an analytical solution was not possible. In Figure 
4, the mass is plotted for the original and modified schemes 
proving that the mass is conserved for the modified ERIA 
advection scheme, whereas in the original ERIA scheme, there 
is an issue with the mass balance. 
 
Figure 3 – Temporal variation of suspended sediment concentration 
along the channel for the modified ERIA scheme (upper figure) and the 
original ERIA scheme (lower figure). 
 
Figure 4 – Temporal variation of the sediment mass for the original 
ERIA advection scheme (red solid line) and the modified ERIA scheme  
(blue solid line). 
III. APPLICATION: BAR EVOLUTION OVER A SLOPED 
BEACH IN A LABORATORY EXPERIMENT 
A. Model bathymetry and mesh 
The above improvements have been applied in one of the 
CROSSTEX experiments [20]. The experiments took place on 
a wave flume 104 m long, 3.7 m wide and 4.6 m deep. A bar 
formation has been placed on a 1:20 sloped beach as shown in 
Figure 5. 




Figure 5 – Initial bathymetry for the CROSSTEX experiments under 
investigation [20].  
An erosive event was studied. This event is generated 
under wave conditions of TMA spectrum with  Hs = 0.60 m, 
Tp =4 s and γ = 2. In this event the bar migrates from x = 64 m 
to 61 m. The experiment consisted of 14 sets of 15 minutes 
runs (hence a total time of 3.5 hours). 
The numerical domain of length equal to 90 m has been 
considered according to Figure 5. The mesh resolution was set 
to 0.2 m, using a channel mesh with a width of three grid 
nodes, in order to have a quasi one-dimensional setting similar 
to the laboratory case. The sediment diameter is equal to d50 = 
0.2 mm.  
For the TELEMAC-2D simulation a timestep of 1 s was 
used. The advection scheme considered for tracers was the 
modified NERD scheme. The Nikuradse bottom friction with 
constant equal to 0.02 m was used.  In TOMAWAC, only 
advection, shoaling and depth-induced wave breaking, were 
applied using the new numerical schemes developed in [25]. 
Monodirectional waves are applied at the boundary. The 
coupling period with TOMAWAC was set to 300. For GAIA, 
the Soulsby & van Rijn suspension transport formula has been 
considered for all sands. The sediment slide has been activated 
with a friction angle for sediment equal to 30o. The beta 
parameter for the slope effects, and the cross-shore skewness 
and asymmetry factors have been calibrated in order to verify 
the values that give the best results. It has been concluded that 
beta equal to 0, cross-shore skewness factor equal to 0.3 and 
cross-shore asymmetry factor equal to 0.1 give the best results 
that are shown in Figure 6. 
 
Figure 6 – Initial (blue solid line) and final (red solid line) simulated beach 
profile and comparison with CROSSTEX experiment under investigation 
[20] (black solid line).  
The resulting beach profile shown in Figure 6. The current 
development manages to reproduce the migration of the bar to 
the offshore remarkably similar as observed in the experiment. 
Nevertheless, there is an area around x = 63 m to 66 m from 
which the results of the model do not show the erosion that 
occurred in the experiment. This can indicate that the 
occurring erosion resulting in the bar formation occurs in a 
much wider area instead of the immediate vicinity of the bar 
in the initial bathymetry. 
In addition, the sediment mass throughout the simulation 
is shown in Figure 7. The sediment mass difference between 
the start and the end of the simulation is in total equal to 0.3 
kg. This indicates that using the previously described 
numerical schemes a good conservation of mass is achieved, 
as the observed error of 0.3 kg is considered sufficiently small, 
not to have any influence in practical computations. 
Nevertheless, more research seems desirable to identify the 
cause of this small mass balance error. 
 
Figure 7 – Temporal variation of the total sediment mass (in suspension and 
in the bed) for the numerical simulation. 
IV. CONCLUSIONS 
This paper presents implementations within GAIA module 
to account for cross-shore sediment transport processes in the 
nearshore. The mechanisms taken into account include Return 
flow, Stokes drift, bed slope effects, and non-linear wave 
effects. The implementations were based on the processes 
currently implemented in XBeach for cross-shore sediment 
transport processes. A modified advection scheme was 
implemented, which advects the sediment volume in the water 
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column, rather than the depth-averaged sediment 
concentration, and which uses a correction term to compensate 
for flow fields that are not divergence-free. A first comparison 
with cross shore sediment transport in a laboratory experiment 
was performed, showing promising results. However, more 
testing is needed to further validate the implemented 
developments. 
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